Abstract A three-dimensional Environmental Fluid Dynamics Code model was developed for a 17-km segment of the Mobile River, Alabama, USA. The model external forcing factors include river inflows from upstream, tides from downstream, and atmospheric conditions. The model was calibrated against measured water levels, velocities, and temperatures from 26 April to 29 August 2011. The Nash-Sutcliffe coefficients for water levels were greater than 0.94 and for water temperatures ranged from 0.88 to 0.99. The calibrated model was extended approximately 13 km upstream for simulating unsteady flow, dye, and temperature distributions in the Mobile River under different upstream inflows and downstream harmonic tides. Velocity profiles and distributions of flow, dye, and temperature at various locations were analyzed and show that flow recirculation could only occur under small inflow (50 m 3 s -1
INTRODUCTION
Tides are the major forcing in an estuary and, along with freshwater inflows, control the vertical and horizontal distributions of salinity (Ji 2008) . The tide entering into rivers behaves as a wave progressing upstream, increasingly distorted and eventually extinguished by bottom friction (Godin 1999) . The impact of tides on a tidal river depends on various factors such as the distance from the river mouth (where it meets the ocean), the water depth, the channel geometry, and the duration and magnitude of a tidal cycle. Because of the variations in these factors from one river to another, tides may influence the water levels for just a mile to as much as several dozen miles. In tidally influenced rivers, the tides from the ocean control the overall flow pattern in the river and the periodic motion is observed in the river. During the flood tide (rising tide), the estuary receives water from the ocean and the water level rises (Ji 2008) and increases salinity in the tidal river. On a time scale of 1666 Hydrological Sciences Journal -Journal des Sciences Hydrologiques, 60 (10) 2015 http://dx.doi.org/10. 1080/02626667.2014.947989 hours, advection of freshwater during the ebb tide and salt water intrusion during the flood tide determine the dynamics of fundamental parameters of the water column in an estuary, such as salinity (Uncles and Stephens 1996, Montani et al. 1998 ) and nutrients (Hernández-Ayón et al. 1993) . Therefore, oceans where environmentally influenced events such as oil spill have occurred would pose a threat to the river system connected to it where tidal impacts are detected. The winds play a major role in influencing the salinity distribution, circulation, and primary productivity in a tidal estuary (Mann and Lazier 1996 , Yin et al. 2004 , Xia et al. 2007 , but the wind effects on a narrow tidal river segment far upstream from the river mouth may not be significant. Xia et al. (2007) studied the impact of winds on the salinity plume in the Cape Fear River estuary (USA) and reported that strong winds reduced the surface plume size, whereas moderate winds could reverse the flow direction of the plume. Xia et al. (2011) studied the effect of wind on the Gulf of Mexico estuary plume orientation, area, width, length, and depth, and reported that the plume is largest for northerly (offshore) winds. The wind blowing against the river flow direction would act as a catalyst to the tides and, as a result, the tidal effects can be observed at a significant distance from the river mouth. The Mobile River is a tidally influenced river in southern Alabama, USA. The Mobile River is formed from the Tombigbee River and the Alabama River, and is approximately 72.4 km long before it discharges into Mobile Bay and the Gulf of Mexico (Fig. 1) . Schroeder et al. (1990) examined the roles of both river runoff and wind stress on stratification-destratification patterns in the Mobile Bay, Alabama. They reported that the principal source of river runoff is the Mobile River system, which enters at the northern end of the bay and accounts for approximately 95% of the freshwater input. Chadwick and Feminella (2001) studied the influence of salinity and temperature on the growth and production of a freshwater mayfly in the Lower Mobile River. Field observations and laboratory experiments were used to understand the production of mayfly. Kim and Park (2012) studied the water and salt exchange in Mobile Bay and the Gulf of Mexico estuary using the Environmental Fluid Dynamics Code (EFDC) model. Their EFDC model was primarily focused on Mobile Bay and adjacent portion of the northern Gulf of Mexico, and included the Mobile River to represent the freshwater inflows into Mobile Bay. The grid cells used to represent the Mobile River were very coarse and did not include the withdrawal and return flow of an existing power plant operation. Hamrick and Mills (2000) developed and used an EFDC model to simulate water temperature distributions in Conowingo Pond (USA), which has thermal discharges from the Peach Bottom atomic power plant.
In the USA, 90% of electricity comes from thermo-electric power plants that require a cooling system to cool steam back into water before it can be either re-used to produce more electricity or discharged to an adjacent water body (e.g. rivers, lakes, estuaries, or the ocean). Once-through cooling systems, initially the most popular and widespread in the eastern USA, withdraw the ambient water from an intake canal and release warmer water into the discharge canal connecting to the nearby water body. Colder water cools the steam more effectively and allows more efficient electricity generation (US DOE 2008) . It is essential to understand whether there is any recirculation of warmer water from the discharge canal to the intake canal, and several questions need to be answered for the power plant design and operations using cooling water from nearby tidal rivers: In this paper, we attempt to answer these three recirculation-related questions by examining the flow rates, velocity profiles, temperatures, and dye distributions in the Mobile River using a calibrated EFDC model.
To accurately simulate tidal and residual circulation in coastal seas and estuaries driven by tides, winds, and density gradients, the numerical model must be able to accurately and efficiently resolve the dynamics of various vertical boundary layers, and the complex geometry and bottom topography (Liu et al. 2007 ). We present the application of a calibrated three-dimensional (3D) EFDC hydrodynamic model to investigate the flow patterns in a 17-km segment of the Mobile River near a power plant (Figs 1 and 2) , and possible recirculation of warmer water from the discharge canal back to the intake canal, under various freshwater inflows at the upstream boundary and tidal water surface elevations at the downstream boundary. The power plant has a once-through cooling system that withdraws the ambient water from the intake canal and releases warmer water into the discharge canal ( Fig. 2) connecting to the Mobile River. The discharge from the power plant is eventually dispersed and diluted with a large volume of the water from upstream inflow in the Mobile River. Two separate EFDC models were developed; one was used for the model calibration and another for the sensitivity (scenario) analysis. The calibrated EFDC model was extended about 13 km upstream and used to explore flow circulation patterns in the Mobile River near the intake and discharge canals of a power plant under different hydrological (inflow) scenarios. Dye simulation experiments were conducted and dye was continuously released from the discharge canal to trace the path of the dye released. The flow patterns and dye distributions in the river simulated for different scenario runs revealed the complex flow interaction between the downstream tides and upstream inflows during the high and low inflow conditions. The existence of a power plant in the tidally-influenced Mobile River adds an interesting perspective to the overall study. During the low inflow conditions, the tides from downstream may push the water upstream and, as a result, warmer water from the discharge canal may reach the intake canal (recirculation), thereby decreasing the overall efficiency of the power plant. We quantify specific hydrologic conditions under which the flow recirculation might occur.
MATERIALS AND METHODS

Study area
The 3D EFDC model was developed to simulate unsteady flow patterns and temperature distributions in the Mobile River near Bucks, Alabama, close to a power plant (Fig. 1) . The model was developed for a segment of about 17 km)that included the intake and discharge canals of the power plant, and for model calibration. The upstream boundary of the calibration model was at the river cross-section (Upstream-1 in Fig. 1(b) ), where the US Geological Survey (USGS) streamflow gauging station at Bucks, Alabama, is located. The downstream boundary is located at the intersection of the Mobile River and the I-65 Bridge, approximately 33.8 km upstream from Mobile Bay. For the sensitivity (scenario) analysis, the upstream boundary was extended about 13 km northwards to the Upstream-2 cross-section ( Fig. 1(b) ), where the Tensaw River is split from the Mobile River. The river width in the study area ranged from about 160 to 260 m, and the water depth from about 1 to 18 m.
Although the Mobile River is highly tidally dominant during the summer period, the section studied did not exhibit distinct salinity influences during the calibration period. The formula relating the salinity and conductivity (UNESCO 1983) was used to calculate the salinity from observed conductivity data. Calculated salinity was about 0.1 PSU during the monitoring period of 2010 and 2011. Thus, the salinity module in the EFDC model was not activated; quantification and interpretation of salinity intrusion in the Mobile River were beyond the scope of this study.
The study river is tidally influenced because of its connection to Mobile Bay and the Gulf of Mexico at the downstream. The hydrodynamic conditions in the Mobile River are influenced by fluctuations of the water levels in Mobile Bay, resulting from the interaction of tides and river discharges, with distinct flow patterns detected during spring and summer. Under the large inflows from upstream in the spring, there is minimal tidal impact from downstream resulting in fast flushing of freshwater towards downstream. However, under low inflows in the summer, the downstream tides dominate and control the flow pattern, and a periodic tidal pattern is observed in the river. The presence of tidal influence in the study area is supported by observed water surface elevations in the Mobile River. Harmonic analysis was performed on the time series of water surface elevation at three monitoring stations (Bucks station, discharge canal, and intake canal) in 2010 and 2011. It was found that the dominant tidal constituents at the monitoring stations during the summer were lunar diurnal constituents (O1, K1; Pugh 1996, Kim and Park (2012) , consistent with those of the tides in Mobile Bay. Fig. 2 The EFDC model grid with bottom elevation zoomed to show the intake canal and discharge canal. Withdrawal locations (W1 and W2) and discharge points (R1 and R2) for the power plant are shown along with three locations (Cell D, Cell E, and Cell F) where velocity profiles were studied in detail. At Cell E and discharge exit points, dye concentration and water temperatures were studied.
Numerical model
Two site-specific 3D EFDC hydrodynamic models were developed and applied in this study to understand the hydrodynamics and transport of temperature and dye in the Mobile River (called Mobile EFDC model). The EFDC model, originally developed at the Virginia Institute of Marine Science, is a general-purpose modelling package for simulating 3D flow, transport, and biogeochemical processes in various surface-water systems, including rivers Lin 2006, Jeong et al. 2010) , lakes (Ji and Jin 2006) , estuaries (Martin et al. 2002 , Wang et al. 2010 , Kim and Park 2012 , Devkota et al. 2013 , reservoirs (Çalışkan and Elçi 2009) , wetlands, and coastal regions. The model solves the vertically hydrostatic, free-surface, turbulentaveraged equations of motion for a variable-density fluid, using sigma vertical coordinates and curvilinear orthogonal horizontal coordinates. The Mellor-Yamada level 2.5 turbulence closure scheme (Mellor and Yamada 1982 ) is used to calculate turbulence parameters: vertical turbulent momentum diffusion ðA v Þ and mass diffusion ðA b Þ coefficients. The EFDC employs a second-order, accurate spatial finite difference scheme on a staggered or C grid to solve the momentum equations (Hamrick 1992b ); time integration is implemented using a secondorder, accurate three-time level, semi-implicit finite difference scheme with an internal-external modesplitting scheme to separate the internal shear or baroclinic mode from external free surface gravity wave or barotropic mode (Hamrick 1992b) ; and it implements a second-order, accurate in space and time, mass conservation, fractional step solution scheme for the Eulerian transport equations for salinity, temperature, and other constituents. Details of governing equations and numerical schemes for the EFDC hydrodynamic model are given by Hamrick (1992a) . The updated EFDC version with the graphic user interface, EFDC-Explorer, from the Dynamic Solutions International, LLC (http://efdcexplorer.com/) was used for the study. The horizontal eddy viscosity, A H is calculated using the Smagorinsky subgrid scale scheme (Smagorinsky 1963) , which can be written in the two-dimensional Cartesian coordinate as:
where C is the horizontal mixing constant, and Áx and Áy are model grid sizes in x and y directions. The EFDC model has features specifically designed for thermal simulation of a power plant cooling system, in that the cooling water withdrawal from a nearby river or lake and discharge from the plant are represented by the withdrawal and return boundaries, and can be represented by specifying the flow rate Q at the withdrawal and return cells, for the intake and outlet (discharge canal), respectively (Hamrick and Mills 2000) :
where Q cool is the flow rate for the power plant oncethrough cooling system. The thermal sinks and sources Q H are specified in the transport equation for heat, for the intake and outlet (discharge canal), respectively:
where ρ w is the density of the water, c pw is the specific heat of the water, T 1 is the ambient intake temperature, and ÁT is the temperature rise of a power plant.
Model set-up
The horizontal model grids developed for the Mobile EFDC model were based on the NAVD 1988 datum and Universal Transverse Mercator (UTM) projection coordinates system. The horizontal grids were developed using the shoreline GIS shapefile of the Mobile River downloaded from AlabamaView (http://www. alabamaview.org/). The shoreline data were further validated using AutoCAD data, and hydrographic data developed by the US Army Corps of Engineers. The EFDC model developed for model calibration has 2454 horizontal grids and six horizontal layers in the depth direction (a total of 14 724 3D computational cells). Bottom elevations of model grids are shown as contours in Fig. 1 , and ranged from -17.8 to -0.8 m below mean sea level (m.s.l.) using the NAVD 1988 datum. There 2297 horizontal grids in the Mobile River; the intake canal and discharge canal of the power plant were modeled using, respectively, 77 and 80 additional horizontal grids, or grid size, Áx, along the cross-section ranged from 9.4 to 74.1 m (average 30 m) and Áy along the flow direction from 10 to 114 m (average Áy is 49 m).
Boundary conditions
The upstream boundary for the model calibration, located at the Bucks USGS gauging station (Upstream-1 in Fig. 1 ), includes time series of measured discharge and temperature (provided by an independent field sampling group). The operation of the power plant is included in the EFDC model using the withdrawal and return boundaries, which include the inflow withdrawn from the intake canal, the discharge of warm water to the discharge canal, and the temperature rises between the discharge canal and the intake canal, measured at two depths: near the surface and near the bottom. The power plant has five generating units: intake W1 withdraws the cooling water for two units and intake W2 -for the remaining three units, at separate locations in the intake canal (Fig. 2) . Therefore, the withdrawal of cooling water and discharge of warmer water from the power plant were modeled using two withdrawal and return boundaries for the separate intake and discharge locations (Fig. 2) . The downstream boundary of the EFDC model was located at the I-65 Bridge, and included the time series of measured water surface elevations and temperatures as hydrostatic pressure (water level) and temperature boundaries.
Atmospheric forcing
The meteorological parameters required by the EFDC model are atmospheric pressure (mb), air temperature (°C), dew point temperature (°C) or relative humidity (decimal), rainfall (mm), cloud cover (decimal), evaporation (mm, optional), solar radiation (W m −2 ), wind speed (m s -1 ), and wind direction (degree from north). Meteorological data recorded at the Mobile Regional Airport (Fig. 1) were used for the Mobile EFDC model; hourly data from the airport were obtained from the Southeast Regional Climate Center (SERCC). The SERCC data did not include solar radiation data, which were obtained from the Agricultural Weather Information Service, Inc. in Alabama. The hourly weather data allow the EFDC model to accurately compute heat exchange through the water surface (heating or warming during the day and cooling during the night) at a short time interval.
MODEL CALIBRATION RESULTS
The EFDC model developed for the Mobile River was calibrated on the period from 26 April (Julian day, JD 115) to 28 August 2011 (JD 240). The calibration period was chosen based on the available measured flow, temperature, meteorological, and power plant operation data. Observed streamflow data at Bucks station from 2008 to 2012 were obtained and analyzed. The data analysis shows that the probability distributions of observed streamflow in 2011 and from 2008 to 2012 were similar, and the statistical parameters of streamflow have similar magnitudes. It was concluded that 2011 used for model calibration was a typical year in terms of streamflow at Bucks. The model was calibrated for velocity (m s -1 ), water surface elevation (m), and temperature (°C) using observed data collected at several monitoring stations ( Fig. 1 ) throughout the Mobile River. Two commonly used calibration parameters, bottom roughness coefficient and the dimensionless horizontal momentum coefficient, were calibrated to obtain the best match between observed and modeled water surface elevations. In this study, the roughness coefficient of 0.01 m was found by calibration and falls in the same range of coefficient values used by other studies Lung 2005, Zou et al. 2008) . The dimensionless horizontal momentum coefficient (C in equation (1)) was calibrated to be 0.2 for the Mobile EFDC model, and was used to compute the horizontal momentum diffusion coefficient using the Smagorinsky formula (Smagorinsky 1963) .
Model evaluation criteria
Several statistical parameters can be used to evaluate the performance of model calibration (Ji 2008) , and three error parameters were used in this study: (a) mean absolute error (MAE), (b) root mean square error (RMSE), and (c) Nash-Sutcliffe coefficient (NSE; Nash and Sutcliffe 1970, McCuen et al. 2006) .
The MAE is defined as the mean of absolute differences between observed and predicted values:
where N is the number of observation and predication data pairs, O n is the value of the n th observed data, and P n is the nth predicted value from the model.
Numerical simulation of flow dynamics in a tidal river
The RMSE is a good measure of model accuracy that is commonly used to evaluate model performance, defined as the square root of the mean squared errors or differences between observed and predicted values:
The NSE is typically used to assess the predictive power of hydrological models, and is defined as:
The NSE can range from -∞ to 1. An efficiency of 1 (NSE = 1) corresponds to a perfect match between modeled values and observed data; NSE = 0 indicates that the model predictions are as accurate as the mean of the observed data, whereas NSE < 0 occurs when the observed mean is a better predictor than the model. The closer the model efficiency is to 1, the more accurate the model. (Fig. 3) . The average absolute difference (|Observed -Modeled| in Table 1 ) between observed and modeled WSE at WS1 is 0.04 m, with a maximum difference of 0.50 m; 75% of the absolute differences in WSE are less than 0.06 m ( Table 1 ). The RMSE for WSE at the WS1 station is 0.06 m. Water surface elevations at WS2 were measured near the mouth of the discharge canal (Fig. 1 ).
Water level calibration
The average difference (Observed -Modeled in Table 1 ) between observed and modeled WSE at WS2 is -0.07 m (or modeled is slightly larger than observed), with a maximum difference of 0.34 m. The NSE values for both monitoring stations (WS1 and WS2) are greater than 0.94 (Table 1 ). The statistical summary for the observed and modeled WSE at WS1 and WS2 is presented in Table 1 .
Temperature calibration
The temperature data available for model calibration were not measured continuously, but collected for 4 weeks during each of three seasons (spring, summer, and fall) in 2011. Spring data were measured from 9 May to 7 June 2011; summer data from 12 June to 9 August 2011, and fall data from 19 September to 18 October 2011. Because the model Figure 4 shows a time-series plot of observed and modeled surfacelayer temperatures at the T1 monitoring station ( Fig. 1) . Overall, the agreement between observed and modeled temperatures was good ( Fig. 4 and Table 2 ). A statistical summary of the differences, or absolute differences, between observed and modeled temperatures at T1 and T2 ( Fig. 1 ) is given in Table 2 . Median absolute errors between observed and modeled temperatures at T1 and T2 are 0.20°C and 0.47°C, respectively (Table 3) .
Velocity calibration
Acoustic Doppler Current Profiler (ADCP) instruments were used twice (June and August) in 2011 at the Upstream-1 (Fig. 1 ) and a cross-section just upstream of I-65 Bridge (the downstream boundary location). The ADCP data were processed using a VMS user interface module (Kim et al. 2009 ). Velocity measurements in both June and August were compared with modeled values (Fig. 5) . For the comparison, modeled velocities were extracted at the center grid (at maximum depth) in the cross-section that is just one row above the downstream boundary of the Mobile EFDC model. Visually, modeled velocities matched reasonably well with observed velocities during 29-30 June and 24-25 August 2011 (Fig. 5) .
MODEL APPLICATIONS UNDER DIFFERENT INFLOW SCENARIOS
In order to examine the response of the Mobile River system to different freshwater inflows and tides, the calibrated EFDC model was extended a further 13 km upstream from the USGS Bucks station (Upstream-1) to the Upstream-2 cross-section ( Fig. 1) , where the Tensaw River splits from the Mobile River. An additional 1020 horizontal grids were added into the Mobile EFDC model used for the calibration. The reasons for extending the upstream boundary northward were availability of bathymetry data for this section, and smaller or no (4)- (6)). tidal impact at the new boundary. The primary objectives of the scenario studies are to understand possible flow recirculation in the Mobile River, where the power plant has a once-through cooling system that withdraws the cooling water required for its operation from the intake canal. A data analysis was first performed for the longterm discharges measured at the Upstream-1 station (Fig. 1) . The astronomical tides in Mobile Bay cause significant tidal cycles of water levels at this station (approx. period: 24.84 h). Filtered flow data at Bucks from 2008-2012 were also obtained from the USGS website: they used a Godin low-pass filtering program (Godin 1972) to remove tidal signals from observed discharges (USGS 2011). The filtered data were available at hourly intervals and observed data at 15-min intervals. A summary of the observed and filtered discharge data is presented in Table 4 . Positive discharges in Table 4 indicate the flow at Bucks is from upstream to downstream, towards Mobile Bay, and negative discharges reflect tidal effects, i.e. flow from downstream towards upstream. The statistical summary of discharge data at Bucks was performed separately for spring (January-April) and summer (May-September) periods: the mean and median discharges during the summer were about one-third of those during the spring (Table 4) (Table 4) , which was about one-seventh of the mean filtered discharges. The statistical summary in Table 4 shows that 2011 used for model calibration was a typical year in terms of observed and filtered discharges at Bucks station. There are two USGS gauging stations with discharge data available that are upstream of the boundary Upstream-2 ( Fig. 1) : the first is located at Clairborne L&D (lock and dam) near Monroeville in the Alabama River, and the second at Coffeville L&D in the Tombigbee River (the Mobile River is formed from the Alabama and Tombigbee rivers). However, these gauging stations are very far from Upstream-2, and the combined discharges measured at those two locations may not be representative of freshwater discharges at the Upstream-2 boundary for the scenario runs. Discharges in the Mobile River at the Upstream-2 should comprise the combined discharges for those two rivers, excluding the discharges to the Tensaw River, which are also not measured. Therefore, the selected inflows based on filtered discharges (Table 4) at the USGS Bucks station were used for the scenario runs because of the short distance from Upstream-2 to Bucks. The extended model for scenario runs was tested using 2011 filtered discharges from the USGS Bucks station for the Upstream-2 boundary and keeping all other inputs, model parameters, and boundary conditions unchanged (same as in calibrated model). During the summer months, simulated water surface elevations at WS1 by the extended model were almost the same as simulated elevations (Fig. 3) by the calibrated model. The MAE (equation (4)) for simulated elevations at WS1 from the extended and calibrated models are 0.06 and 0.04 m, respectively, for 1-30 June 2011 (JD 151-181) for all scenario runs. Statistical summaries of all error parameters for simulated elevations at WS1 and WS2, and simulated temperatures at T1 and T2 from the extended model are almost the same as the results presented in Tables 1 and 2 A data analysis of power plant operation and temperatures measured in the intake and discharge canals was performed, based on which the flow rates and temperature increases (temperature differences between discharge and intake) through the power plant were assumed constant during the study period for the scenario runs. For the withdrawal and return boundaries of the power-generating units supported by intake W1, a constant flow of 29.3 m 3 s -1 and a temperature rise of 8°C were used for scenario runs. Similarly, 20.6 m 3 s -1 and 4°C were used for withdrawal and return boundaries for the units supported by intake W2 (Fig. 2) .
All of the numerical experiments were run for 36 days 25 May to 30 June), with constant inflow at boundary Upstream-2), and constant withdrawal and return flow boundaries. All model results are reported from JD 151 to 181 (30 days) after 6 days of model spin-up period. The initial water temperature of all grid cells was set at 22°C, and the simulation typically reached quasi equilibrium after a few simulation days. The model grid for the scenario analysis was extended from Bucks station to the intersection of the Mobile and Tensaw rivers (Upstream-2, Fig. 1 ).
Discharge distribution under different scenarios
Thermal recirculation is characterized by the movement of heated water released from a power plant through the discharge canal towards the intake location (Bai and Lung 2005) . During the thermal recirculation, there is a possibility of two-layer flow: the bottom layer moving towards downstream and the surface layer moving towards upstream. In the power plant, the cooling water is withdrawn from the deeper layers of the water column (W1 and W2 in Fig. 2 ). Such withdrawal arrangements are common in coastal regions where the dominant current is tidal driven (Baur 2008) . The flow distributions in the Mobile River near the intake and discharge canals are complex due to the interactions of intake withdrawal for the power plant, discharge from the power plant, upstream inflows, and downstream tides. Flow rates across different cross-sections for scenario runs with different inflows from the upstream boundary were extracted to investigate possible recirculation in the Mobile River. ) and W2 (20.6 m 3 s -1 ). Figure 6 shows that the surface and bottom discharges at the intake canal cross-section differ in pattern and magnitude under different upstream inflows. When the inflow from the upstream boundary is assumed to be 50 m ). The flows through the other four layers (2, 3, 4 and 5) are not shown in Fig. 6(b) , and when flows across all the layers are added together, the total flow across the intake canal cross-section ranges from -51. ). The mean total flow across cross-section A is equal to the total withdrawal (-49.9 m 3 s -1 ) by the power plant; however, the variations in surface and bottom flows across the cross-section (Fig. 6 ) indicate the interaction with upstream inflows and tides from downstream. The ) across cross-sections B (left panels) and C (right panels) in the Mobile River between the intake canal and discharge canal ( Fig. 6(a) ) under inflow from upstream of 50 (top), 250 (middle), and 900 m 3 s -1 (bottom panels). Crosssection B was chosen at the downstream of the intake canal and cross-section C immediately upstream of the discharge canal ( Fig. 6(a) ). Cross-section B was chosen to examine the interaction of the upstream inflow and downstream flows (including tides and possible flow recirculation from the discharge canal) before reaching the intake canal. The flow across cross-section C can help us to understand the complex interaction of the discharge from the power plant, upstream inflow, and downstream tides. The black dotted lines in Fig. 7 indicate the line of zero flow that separates positive and negative flows: positive flows indicate that the flows are moving towards upstream (because of downstream tides and flow recirculation), and negative flows that they are moving from upstream to downstream (due to inflow momentum).
Under 50 m 3 s -1 constant inflow from upstream, the discharges across cross-section B through the ), and because the interaction between the inflow and tides is relatively weak.
The discharges across cross-section C (immediately upstream of the discharge canal, Fig. 7(b) inflow from the Upstream-2 boundary (Fig. 2) is completely diminished at the surface layer of crosssection C when it acts against tidal waves from the Fig. 6(a) ), and (b) upstream of the discharge canal (cross-section C in Fig. 6(a) ) for numerical experiments with inflows from upstream of 50 m 3 s -1 (top panels), 250 m 3 s -1 (middle panels), and 900 m 3 s -1 (bottom panels), respectively. The negative discharges represent the flow moving towards downstream and positive discharges represent the flow moving towards upstream. downstream boundary; this is why all surface flows are positive (Fig. 7(b) top panel) . The positive surface flows at cross-section C are also contributed to by heated water released from the discharge canal that has a lower density than the upstream inflow. In contrast to the flow distribution at cross-section B under 250 m 3 s -1 inflow, simulated surface flows across cross-section C show occasional positive peaks and have larger variations than the bottom flows. The larger variation of surface discharge occurs when flood tides from downstream are coupled with the flow from the discharge canal, while the momentum of upstream inflow is relatively small at crosssection C under 250 m 3 s -1 inflow. However, the momentum from tides at downstream is not large enough to reach cross-sections A and B (Fig. 6  (a) 
VELOCITY DISTRIBUTION UNDER DIFFERENT UPSTREAM INFLOWS
Simulated velocity profiles from numerical experiments with inflows from upstream of 50 and 100 m 3 s -1 are presented in Fig. 8 to illustrate the recirculation phenomenon in the Mobile River in the vicinity of the power plant. The three locations, cells D, E, and F, shown in Fig. 2 were selected to represent the velocity profiles just downstream of the intake canal, about midway between the intake canal and the discharge canal, and upstream of the discharge canal, respectively. Simulated velocity profiles at six layers (surface to bottom) under ebb tide on JD 159.583 (14:00 h, 9 June 2011) and flood tide on JD 166.458 (11:00 h, 16 June 2011) at the downstream boundary were plotted for each cell (Fig. 8) . Positive velocities in Fig. 8 represent the flow moving towards upstream, and negative velocity represents flow moving towards downstream. Figure 8 shows that positive velocities prevail in the top two layers and negative velocities in the bottom four layers at all three locations for both ebb and flood tides for 50 m 3 s -1 inflow. The presence of both positive and negative velocities along the depth of the channel suggests the presence of recirculation, i.e. flow towards upstream via top layers and flow moving towards downstream from some bottom layers under small inflows from upstream. However, under 100 m 3 s -1 inflow from upstream, velocities in all the layers are negative in magnitude for both ebb and flood tides at Cell D and for ebb tide at Cell E. This suggests flow moving towards downstream at all depths, which implies no recirculation reaching the intake canal. Under 100 m 3 s -1 inflow, both positive and negative velocities occur for flood tide at Cell E, and for both ebb and flood tides at Cell F. This means that flow recirculation can propagate to Cell E under flood tide, but not under ebb tide; however, it cannot reach the intake canal, as demonstrated by velocity profiles at Cell D under both ebb and flood tides. For 900 m 3 s -1 inflow, Fig. 7 shows that there is no flow recirculation just upstream of the discharge canal.
DYE DISTRIBUTION UNDER DIFFERENT UPSTREAM INFLOWS
For the model simulations under different upstream inflow scenarios, dye was continuously released from the power plant after the model spin-up period to track the flow path of the heated water released into the discharge canal. Dye concentration was initialized to zero at all the grid cells (initial condition); at the upstream and downstream boundaries it was assigned as zero at all times, i.e. dye was not introduced into the system from these points. The dye was only introduced into the simulation domain through the withdrawal and return boundaries (Fig. 2) , where the rise of dye concentration was set at 1 (arbitrary units), which implies that the dye released into the discharge canal would have a concentration of 1 plus the dye concentration at the intake withdrawal location. The dye concentration at the discharge points (Fig. 2) would always be 1 as long as the concentration of dye at the intake withdrawal locations was zero, i.e. there is no heated water from the discharge canal that has been recirculated back to the withdrawal point. When the dye concentration is greater than zero in the intake locations W1 and W2 (Fig. 2) , it would indicate the recirculation of heated water from the discharge canal to the intake canal, and then the dye concentration at the discharge points would be greater than 1.
The model experiments of dye simulations with upstream inflows of 50, 100, and 250 m 3 s -1 were performed and reported for the period 1-30 June (JD 151-181) to investigate any possible recirculation from the discharge canal to the intake canal. The inflow of 100 m 3 s -1 is a relatively small flow rate from upstream because it is approximately a sixth percentile of the filtered discharges during the summer in 2011 and 2008-2012 (Table 4) . At the downstream boundary, WSE were calculated from harmonic constituents with an amplitude of 0.3 m (Fig. 9(a) ). The atmospheric forcing for the same period in 2011 was used for modelling, and Fig. 9 (b) shows air temperature variations for JD 151-181 of 20.0-39.4°C (30-day average: 28.4°C). This simulation period was selected because of the highest 30-day average air temperature and solar radiation, and it is the most challenging operational period of the power plant when the once-through cooling system is used. Figure 9(c) shows the time series of simulated dye concentrations at the discharge points R1 and R2 (Fig. 2) under the three inflow rates. There are small differences in simulated dye concentrations at R1 and R2 under 50 m 3 s -1 inflow; however, at R1 and R2 the concentrations are equal to 1 under both 100 and 250 m 3 s -1 inflow, which means that no recirculation of heated water from the discharge canal to the intake canal occurred under these large inflows, though they are greater than 1 under 50 m 3 s -1 inflow from upstream. Simulated dye concentrations at R1 and R2 under 50 m 3 s -1 inflow become greater than 1 after 1.5 days of simulation, indicating the time it takes for the recirculation of heated water from the discharge canal to reach the intake canal. The dye concentrations at R1 and R2 ranged from 1.0 to 1.27, with a mean value of 1.12. Simulated dye concentrations fluctuated with time ( Fig. 9(c) ), and the variation of simulated dye concentrations at R1 and R2 follows the variations of the WSE at the downstream boundary.
Time series of simulated dye concentrations were extracted from intake withdrawal location W1, Cell E, and the discharge exit (see Fig. 2 for locations), and are plotted in Fig. (10) . For 50 m 3 s -1 inflow from upstream, the periodic variations in WSE (not shown by graphs) were simulated near the intake canal of the power plant, as the flow dynamics in the simulation domain are controlled by the tides from the downstream when upstream inflow is small. Thus, Fig. 10(a) and (b) shows that the dye concentrations were greater than zero in the bottom and surface layers at W1 after 1.5 days of the simulation. The dye concentration at W1 varied from 0 to 0.22 (mean: 0.10) at the bottom layer and from 0 to 0.48 (mean: 0.22) at the surface layer under 50 m 3 s -1 inflow from upstream (Table 5 ). Because withdrawal for the power plant is from the bottom three layers at points W1 and W2), dye concentration at the discharge canal would depend on the dye concentration of the bottom three layers at W1 (0.12), so there is about 12% recirculation of heated water from the discharge canal. The dye concentration at Fig. 9 Time series of (a) water surface elevation (WSE) at the downstream boundary, (b) air temperature (°C), and (c) simulated dye concentration at R1 and R2 (Fig. 2) ).
Numerical simulation of flow dynamics in a tidal riverW1 under upstream inflow of 50 m 3 s -1 supports that, under very small inflows (first percentile, Table 4 ) from upstream, flow recirculation is observed in the intake canal. Figure 10 (a) and (b) shows that more heated water from the discharge canal was present in the surface layer than in the bottom layer at W1 due to the density stratification in the Mobile River. The simulated dye concentrations at W1 for 100 and 250 m 3 s -1 inflows are zero (Table 5 , Fig. 10(a) and (b) ), i.e. the dye did not reach withdrawal point W1 under these larger inflows. , which is large enough compared to the tides from downstream to prevent the heated water released at the discharge canal from reaching (flowing back to) Cell E. The surface dye concentrations at Cell E (Fig. 10(d) ) were higher than those at the bottom layer (Fig. 10(c) ); concentrations simulated under 50 m 3 s -1 inflow ranged from 0 to 0.57 (mean: 0.45) in the bottom layer and from 0 to , ranging from 0 to 0.03 (bottom layer) and 0 to 0.26 (mean: 0.05; surface) (Table 5 ). Under 100 m 3 s -1 inflow, the dye concentrations at the bottom layer were very small at Cell E (Fig. 10  (c) ) and the dye did not reach the intake canal (see Fig. 10(a) and (b) ). A distinct stratification of dye concentrations between the top and bottom layers was detected at Cell E under both 50 and 100 m 3 s -1 inflows from upstream. Figure 10 (e) and (f) shows the time series of dye concentrations at the discharge exit point (the confluence of the discharge canal and the Mobile River, see Fig. 2 ). At the discharge exit, the surface dye concentration under 50 m 3 s -1 inflow is larger than 1 after 2.5 days of simulation, because the dye has reached the intake canal after about 1.5 days due to recirculation. The presence of dye at the intake canal would cause the dye concentration at the discharge canal to be greater than 1. Statistics for dye concentrations at the bottom and surface layers of the discharge exit under 50, 100, and 250 m 3 s -1 inflow are given in Table 5 . Even though dye concentrations at discharge points R1 and R2 (see Fig. 2 ) are equal to 1, the dye concentrations under 100 and 250 m 3 s -1 inflows are less than 1 (Fig. 10(e) and (f)) at the discharge exit in the Mobile River due to the dilution effect of flows from the discharge canal and the Mobile River. Dye concentrations at the discharge exit location under 250 m 3 s -1 inflow are smaller in magnitude than those under 50 and 100 m 3 s -1 inflows (see Table 5 ) because the larger inflow has greater momentum to push heated water towards downstream.
Sensitivity model runs with no temperature rises in the withdrawal and return boundaries for intakes W1 and W2 were also performed for upstream inflow scenarios of 50, 100, and 250 m 3 s -1
. No temperature rise through the power plant is a hypothetical operational condition, and the model results can help us to identify any flow recirculation due to the interactions of upstream inflow, downstream tides, and solar heating of the atmosphere only. The model results with no temperature rise through the withdrawal-return boundary show that the dye is still present at W1 under 50 m 3 s -1 inflow from upstream. However, the dye concentrations are projected to be very small, with maximum values of 0.05 and 0.13 in the bottom and surface layers, respectively, as shown in Fig. 10(a) and (b) . Without temperature rise, no dye is projected to be present at Cell E under 100 and 250 m 3 s -1 inflows (not shown in Fig. 10 ). Thus, model simulation results with and without temperature rises indicate that the recirculation is enhanced by the temperature rise created by the power plant, rather than recirculation driven by low inflows, tidal forces and solar heating alone. Numerical simulation of flow dynamics in a tidal river
The calibrated EFDC model was also used to simulate dye distribution in the Mobile River under 2011 measured unsteady inflows from upstream and measured tides from downstream as model boundary conditions. Dye concentrations in the surface and bottom layers at W1, Cell E, and the discharge exit were extracted and a statistical analysis of dye greater than 0.01 (1% the released dye) was performed. Dye concentrations at W1 and Cell E were zero for most of the 2011 simulation period (25 April-29 August, 125 days) and greater than zero when the inflows from upstream were small. As shown in Table 6 , at W1, dye concentrations greater than 0.01 in the bottom layer were detected for 3.2% of the total simulation time, with a mean value of 0.056 (max.: 0.24), and in the surface layer for 4.5% of the total simulation time. Corresponding values for Cell E were 13.2% and 18.2% of the total simulation time, respectively (Table 6 ). This indicates that the overall efficiency of the power plant was high because the very low possibility of flow recirculation would maintain lower withdrawal temperatures at the intake canal.
TEMPERATURE DISTRIBUTION UNDER DIFFERENT INFLOWS
Simulated temperatures were extracted to further understand the impact of recirculation in the Mobile River near the power plant, and results for the model runs with inflows of 50, 250, and 900 m 3 s -1 are presented in Figs 11 and 12 . The temperatures at the upstream and downstream boundaries for the simulation period are the actual measured temperatures at the USGS Bucks station and I-65 Bridge location. Water temperature at the upstream boundary (dashed lines in Fig. 12 ) ranged from 28.1 to 32.1°C, with a mean of 30.5°C, and at the downstream (dotted dashed lines in Fig. 12 ) from 28.9 to 33.9°C (mean: 32.1°C). The absolute differences between upstream and downstream temperatures ranged from 0.52 to 2.5°C (mean: 1.55°C) for the period 1-30 June 2011. In the spring , the absolute differences between upstream and downstream temperatures only ranged from 0.0 to 0.6°C (mean: 0.14°C), because inflow was colder and evaporation under low air temperatures lost more heat in the spring.
Snapshots of 3D temperature distributions and two-dimensional (2D) temperature profiles (along depth) were plotted on JD 166.458 (11:00 h, 6 June) and 166.92 (22:00 h, 6 June) for the Mobile River segment near the intake canal and the discharge canal of the power plant (Fig. 11) to demonstrate possible recirculation under 50 m 3 s -1 inflow from upstream. These two specific times were chosen to represent the flood tide ( Fig. 11(a) and (b) ) and ebb tide (Fig. 11(c) and (d) ) from the downstream. Figure 11 (a) and (b) shows how far the warmer water from the discharge canal moves towards the intake canal under harmonic tides from downstream and the very low inflow condition from upstream. From Fig. 11 it can be observed that the heated water from the discharge canal reaches the intake canal under both flood and ebb tide conditions under 50 m 3 s -1 inflow. Simulated temperatures at the intake canal during the flood tide condition are higher than temperatures under the ebb tide condition. Figure 11 (b) and (d) shows temperature contours along the channel centerline using the distance (m) from the downstream boundary and the elevation (m a.m.s.l.) as x and y axes, respectively, with the locations of the intake canal, the discharge canal, and the middle channel marked by red vertical lines. Water temperatures at the discharge canal are higher than 39.5°C (Fig. 11(a) and (c) ), but inflow temperatures in the river bottom layers near the intake canal were about 32°C (Fig. 11(b) and (d) ). The temperature stratification between the surface and bottom layers is stronger under the flood tide (due to recirculation) than under the ebb tide, as heated water from the discharge canal is pushed by downstream tides against the upstream inflow momentum. Figure 11 shows the output of the model run with an upstream inflow of 50 m 3 s -1 because the recirculation between the discharge and intake canals is only simulated and present under very small inflows. The 50 m 3 s -1 inflow is in the first percentile of filtered flow during the summer (Table 4) and is a very small freshwater inflow from upstream.
To complement the results of dye distribution on flow recirculation in the intake canal from discharge canal, temperature time series at W1 (the withdrawal location for intake 1, Fig. 2 ) were plotted for upstream inflows of 50, 250, and 900 m 3 s -1 for JD 151-181 (1-30 June) (Fig. 12) . Simulated water temperatures in the surface layer (solid lines in Fig. 12 ) range from 29.3 to 35.0°C (mean: 32.2°C) and in the bottom layer (dotted lines in Fig. 12) Fig. 12 to show the temperatures applied at the boundaries. The strong stratification of temperatures between the surface and bottom layers for 50 m 3 s -1 inflow from upstream is projected to occur at the withdrawal location (W1) due to the recirculation of heated water from the discharge canal to the intake canal and diurnal solar heating of the atmosphere. Simulated temperature differences between the surface and bottom layers at W1 are projected to vary from 0.01 to 3.57°C with a mean value of 1.06°C under 50 m 3 s -1 inflow. The withdrawal and return boundaries for all scenario runs use the constant temperature rises, and simulated temperatures at the discharge points R1 and R2 are totally dependent on temperatures at the intake canal. If the flow recirculation occurs, temperatures at the intake canal increase and the heated water is released at the discharge canal and continues its way for further recirculation when inflow from upstream is very small.
Temperature simulations with hypothetical no temperature rise in withdrawal and return boundaries (intakes 1 and 2) were also performed to investigate the possibility of the flow recirculation being induced by downstream tides and diurnal heating alone. Without temperature rise from the power plant, projected temperatures in the bottom layer at W1 range from 27.8 to 31.63°C (mean: 30.5°C) and in the surface layer, 27.8 to 33.1°C (mean: 31.0°C). Therefore, on average, the temperature rises specified on the withdrawal and return boundary contribute to an average temperature increase of 0.7°C and 1.2°C Fig. 11 (a) and (c) Simulated 3D temperature distribution at 11:00 and 22:00 h, respectively, on 16 June, and (b) and (d) 2D temperature profile contours along the Mobile River centerline in the vicinity of the intake canal and discharge canal at 11:00 and 22:00 h, respectively, on 16 June, under 50 m 3 s -1 inflow from upstream.
in the bottom and surface layers, respectively, at W1. Simulated temperature peaks at W1 are due to solar heating and typically occur a few hours after noon (12:00 h). Diurnal heating is influenced by meteorological parameters, such as air temperature, relative humidity, solar radiation, and cloud cover. In contrast to Fig. 12(b) , the simulated temperatures in the surface and bottom layers under 250 m 3 s -1 shown in Fig. 12(c) closely follow the patterns of temperatures at the upstream boundary, and the differences between them are small. inflow. Temperature peaks in the surface layer (Fig. 12(c) ) are consistent with surface temperature peaks ( Fig. 12(b) ), which are due to diurnal heating. For 900 m 3 s -1 inflow from upstream, there are small differences between surface, bottom, and upstream temperatures. The diurnal effect is hardly recognized (Fig. 12(d) ) because of the large inflow from upstream that controls the overall flow dynamics in the system. Heated water from the discharge canal is flushed out through the downstream boundary due to higher momentum from upstream inflow.
Differences in simulated temperatures in the bottom and top layers at the intake canal (W1) for model experiments with inflow from upstream of between 50 and 250 m 3 s -1 were calculated to help understand the effect of the flow recirculation on intake temperatures, because flow recirculation was predicted to occur under The average temperature increase at W1 due to flow recirculation was 0.4°C, with a maximum value of up to 1.1°C, in the bottom layer and 1.22°C (max.: up to 2.6°C) in the surface layer during 30 days of simulation. The power plant withdraws cooling water from bottom layers; therefore, the impact of the flow recirculation to the power plant operation is minor. It should be noted that simulated temperature increases in the intake canal due to flow recirculation do not cumulatively increase the intake temperatures because discharged warmer water loses more heat to the environment through heat exchange with the atmosphere and river bed. Temperature increases over time in both the surface and bottom layers (Fig. 12) are primarily due to natural warming over the season.
CONCLUSIONS
Two three-dimensional (3D) hydrodynamic EFDC models were developed for the Mobile River to simulate flow, dye, and temperature distribution under various upstream flows, downstream tides, power plant operation, and atmospheric forcing. The first EFDC model domain included a 17.0-km segment of the Mobile River from the USGS Bucks gauging station to I-65 Bridge and was calibrated against observed water surface elevations, temperatures, and velocities at the monitoring stations with good agreement (Tables 1, 2 , 3, and 4). The second EFDC model domain was extended approx. 13 km upstream (to Upstream-2, Fig. 1 ) to investigate the possible recirculation patterns in the Mobile River from the discharge canal to the intake canal of the power plant under various upstream inflow scenarios and fixed downstream boundary derived from harmonic constituents at the Mobile State Docks. Overall, the Mobile EFDC model was able to predict the temporal and spatial distributions of flow, dye, and temperature, and revealed complex interactions due to upstream inflows, withdrawals and discharges of the power plant, downstream tides, and solar heating from the atmosphere. The major findings of the study are summarized as follows:
(a) Velocity profiles and distributions of flow, dye, and temperature at different locations (cross-sections or interesting points) throughout the Mobile River from the intake canal to discharge canal, studied in detail to understand the possible occurrence of recirculation, provided the very useful information on understanding the thermal recirculation in the Mobile River. It was found that, under only very small inflow from upstream (50 m 3 s -1 ), the warmer water in the discharge canal could travel up to the intake canal. When the upstream inflow reached 100 m 3 s -1 , dye was discovered in Cell E (Fig. 2) , but did not reach the withdrawal location in the intake canal. Inflows larger than, or equal to, 250 m 3 s -1
inflow from upstream would flush the warmer water released from the discharge canal towards downstream and prohibit any recirculation in the system. (b) Recirculation of smaller magnitudes (Fig. 10) was also identified for hypothetical conditions -no temperature rise at the withdrawal-return boundary of the power plant-due to the dominant control from downstream tides when the inflow is small. Model simulation results with and without a temperature rise scenario indicate that the recirculation is enhanced by the temperature rise created by the power plant, compared to recirculation driven by low inflows, tidal forces and solar heating only. (c) For the model calibration period (25 April to 29 August 2011), it was found that the dye concentrations greater than 0.01 in the bottom layer at the withdrawal point W1 were detected for 3.2% of the total simulation time (125 days) and in the surface layer for 4.5% of the total simulation time ( Table 6 ), indicating that the overall efficiency of the power plant was high because the very low possibility of flow recirculation would maintain lower withdrawal temperatures at the intake canal.
In summary, temperatures in the intake canal under very small inflows from upstream would rise due to the interaction of the inflows, downstream tides, temperature rises in the discharge canal, and solar heating. If the upstream inflow is small, in the range of 50 m 3 s −1 and lasts for a few days, then there is a possibility of thermal recirculation from the discharge canal to the intake canal. However, it should be noted that 50 m 3 s −1 inflow is in the first percentile of filtered flows at the USGS Bucks station (Table 4 ). These scenario model runs provide valuable information for us to understand the dynamics of the system and possible conditions when and where the recirculation would occur.
